ABSTRACT The establishment of exotic coccinellid species may be related to the decline in native coccinellid species within the United States. Coccinellids may interact indirectly by competing for shared resources and directly through intraguild predation. Prior studies have examined pairwise interactions among species and although several coccinellid species typically co-exist within habitats, multi-species interactions have rarely been investigated. To examine how aphid prey levels inßuence interspeciÞc interactions among a multispecies assemblage, the exotic coccinellids, Harmonia axyridis (Pallas) and Coccinella septempunctata (L.) (Coleoptera: Coccinellidae), and a native coccinellid species, Coleomegilla maculata (DeGeer) (Coleoptera: Coccinellidae), were paired or placed in groups containing three heterospeciÞc larvae and fed 2.4, 12.0, or 24.0 mg of aphids per larva daily. Larval survival, developmental time, and adult weight of individuals were measured. Greater amounts of prey typically resulted in increased adult weights and shorter developmental times. When Coleomegilla maculata and Coccinella septempunctata were paired, Coleomegilla maculata had higher survival rates at low prey levels and Coccinella septempunctata had higher survival at mid-and high prey levels. When the three species were combined, Coccinella septempunctata and Coleomegilla maculata had similar survival rates (17%) at low prey levels; at mid-and high prey levels, Coccinella septempunctata survival increased (58 Ð 88%), but Coleomegilla maculata survival remained similar (17Ð21%). Survival of H. axyridis was not affected by competitors. Even though intraguild predation occurs among these species, the responses to competitors varied based on prey level, coccinellid species, and the number of interacting larvae.
For the past two decades, the effects of introduced coccinellids on native coccinellid species have been scrutinized (Evans 1991 , Elliott et al. 1996 , Brown and Miller 1998 , Obrycki et al. 2000 , Harmon et al. 2007 ). The exotic species, Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) and Coccinella septempunctata L. (Coleoptera: Coccinellidae), have been implicated in the displacement of native coccinellid species in the United States (Obrycki et al. 1987 , Elliott et al. 1996 , Brown and Miller 1998 , Obrycki et al. 2000 , Harmon et al. 2007 . Competition for shared resources, such as aphid prey, may occur among coccinellid species (Evans 1991) , resulting in the species better adapted for obtaining aphid prey surviving and the inferior competitor declining in numbers. Exotic and native coccinellids may also interact through intraguild predation (IGP) (Evans 1991 , Agarwala and Dixon 1992 , Cottrell and Yeargan 1998 , Obrycki et al. 1998b ). IGP occurs among predators that share common prey species and are capable of feeding on each other (Rosenheim et al. 1995) .
The degree and severity of IGP among coccinellids is inßuenced by several factors including: body size, aggressiveness, spatial distribution, mobility, and the availability of prey (Lucas et al. 1998 ). Many species have physical or behavioral characteristics that inßu-ence the likelihood of attack. For example, Coccinella septempunctata larvae were found to be more vulnerable to predation by the crab spider Misumenops tricuspidatus (F.) than H. axyridis larvae, which have long sensory hairs on their dorsal surface (Yasuda and Kimura 2001) .
The outcome of an interaction among coccinellid larvae is also inßuenced by the body size of the intraguild predators, with larger individuals more likely to attack smaller individuals (Sengonca and Frings 1985 , Agarwala and Dixon 1992 , Lucas et al. 1998 , Mallampalli et al. 2002 . For example, the native species Coleomegilla maculata (DeGeer) is smaller than H. axyridis and is preyed upon by H. axyridis when paired at the same instar (Cottrell and Yeargan 1998).
In contrast, older Coleomegilla maculata larvae will attack younger and smaller H. axyridis larvae (Cottrell and Yeargan 1998) . Larger coccinellid species typically require higher amounts of prey to complete development (Hodek 1973) , thus smaller species may have a competitive advantage at low prey levels (Lawton and Hassell 1981, Persson 1985) . For example, Coleomegilla maculata requires less aphid prey for development than H. axyridis (Moser 2003) , therefore, it may be a more competitive intraguild predator when prey levels are low. A Þeld cage study documented higher survival of Coleomegilla maculata when paired with the larger species, Coccinella septempunctata at low aphid prey levels (Obrycki et al. 1998a) . Because large aphid ßuctuations occur in the Þeld, body size may be a mechanism that aids in species population stability between intraguild predators.
Immature stages of several coccinellid species may co-occur in the Þeld, however, most laboratory studies on IGP among coccinellids have been pair-wise comparisons, and none, to our knowledge, have examined the combined effect of multiple species at different prey densities. H. axyridis, Coccinella septempunctata, and Coleomegilla maculata are beneÞcial predators that co-occur in alfalfa and within this habitat they share a common food source, pea aphids, Acyrthosiphon pisum (Harris) (Homoptera: Aphididae) (Obrycki et al. 1998c , Giles et al. 1999 , Snyder and Ives 2003 , Moser 2003 , Day and Tatman 2006 . The objective of this study is to determine if pea aphid prey levels inßuence intraguild predation among H. axyridis, Coccinella septempunctata, and Coleomegilla maculata. We hypothesized that Coleomegilla maculata would outcompete H. axyridis and Coccinella septempunctata at low prey levels, but because of its smaller size, would be vulnerable at high prey levels. , MN) . A. pisum were raised on fava bean, Vicia faba (L.) M. persicae were raised on chinese cabbage, Brassica pekinensis (L.) Females of each species were separated into individual cages after mating and were checked daily for egg masses. Larvae used in this study were Þrst generation offspring from Þeld-collected females.
Materials and Methods

Collection
Experimental Design. Larvae were placed into a treatment within 30 h of Þrst instar eclosion and reared in 0.28-liter (0.5-pint) paper cages at a photoperiod of 16:8 (L:D) h at 23.6 Ϯ 2.0ЊC. For each species, larvae were systematically placed into three larval combinations at three different prey levels (Ϸ2.4, 12.0, or 24.0 mg of mature apterous A. pisum per larva each day). If one or more larvae died during the study, the amount of aphid prey supplied to that cage was not reduced. Three treatments included one larva per cage of each species (Coleomegilla maculata, H. axyridis, and Coccinella septempunctata) supplied with 2.4, 12.0, or 24.0 mg of aphids per larva per day. Three additional treatments had two larvae per cage (one of each species) supplied with double the amount of aphids (4.8, 24.0, or 48.0 mg aphids per cage per day). The Þnal treatment contained three larvae per cage (one of each species) supplied with triple the amount of aphids (7.2, 36.0, or 72.0 mg aphids per cage per day). The Þrst three treatments had no potential competitors and acted as controls for comparisons to the other treatments. The highest prey level, 24.0 mg per larva, was selected based on prior work; interactions between Coccinella septempunctata and Coleomegilla maculata larvae were substantially reduced when at least 20 pea aphids (Ϸ24 mg) were provided daily (Obrycki et al. 1998b ). Larvae were placed in the same cage only if they eclosed within 24 h of each other; species were synchronized to eclose on similar days by moving egg masses to higher or lower temperatures. Each species and prey combination was replicated 24 times.
Larvae were fed daily and examined for survival, pupation, and molting until eclosion as adults. Water was supplied to larvae in a glass tube plugged with cotton. Cages were cleaned each day and any remaining aphids from the previous day were removed. Pupae Ͼ14 d old were removed and considered dead. Newly emerged adults were supplied with water and frozen at Ϫ7.8ЊC Ϯ 2.0ЊC within 36 h of eclosion. Frozen adults were weighed to the nearest 0.01 mg using a Mettler AE 100 analytical balance and dissected to determine sex. Total developmental time was calculated as the number of days from Þrst instar to adult eclosion. Voucher specimens of Coleomegilla maculata, Coccinella septempunctata, H. axyridis, and A. pisum are in the Iowa State University Insect Museum, Department of Entomology, Iowa State University, Ames, IA.
Statistical Analysis. Three-way contingency tables and Generalized CochranÐMantelÐHaenszel (CMH) stratum-adjusted 2 statistics (Agresti 1996) stratiÞed by prey level, were used to examine the effect of competitors on survival for each species. A three-way factorial analysis of variance (ANOVA) was used to compare the effects of competitors, prey density, and sex on the adult weight and developmental time for each species. A natural log transformation was applied to Coleomegilla maculata weight and H. axyridis developmental time before the analysis to normalize the data. Log-transformed data were transformed back to attain the original scale for Þgures and tables. The interaction between prey density and competitors was removed for Coccinella septempunctata because adults were not represented at each prey and competitor level, because of low survivorship. Normal distribu-tions were conÞrmed with a ShapiroÐWilk W test on the residuals and BrownÐForsythe tests were used to determine homocedasticity of the data before the analyses. If the effect of competitor or interaction between competitor and prey levels was signiÞcant on developmental time or adult weight, three a priori contrasts were used to compare the different levels of competition; contrasts included the presence of one compared with two larvae, controls compared with multiple (one or more) larvae, and comparisons between different heterospeciÞc pairings. All analyses were tested with a signiÞcant level of ␣ ϭ 0.05 using statistical software, JMP 7.0.2 (SAS Institute 2005).
Results
Survival. Survival of H. axyridis was not inßuenced
by the presence of competitors, when stratiÞed by prey levels (CMH ϭ 2.37; df ϭ 3, 284; P ϭ 0.50; Table  1 ). Coccinella septempunctata survival generally increased with increasing prey levels, but survival rates were relatively low (4 Ð13%) at every prey level if larvae were paired with H. axyridis (CMH ϭ 48.15; df ϭ 3, 284; P Ͻ 0.0001; Table 1 ). The addition of one or more competitors resulted in reduced survival of Coleomegilla maculata compared with controls (CMH ϭ 49.69; df ϭ 1, 284; P Ͻ 0.0001; Table 1 ).
Developmental Time (First Instar to Adult). Harmonia axyridis developmental time was slowest at the lowest prey level and was similar at the mid-and high prey levels (interaction F ϭ 9.40, df ϭ 6, 206; P Ͻ 0.0001; Fig. 1 ). Harmonia axyridis had faster development when reared with competitors than when alone (contrast F ϭ 50.16; df ϭ 1, 206; P Ͻ 0.0001; Table 2 ). There was no difference in developmental time between H. axyridis larvae reared with one compared with two competitors (contrast F ϭ 0.33; df ϭ 1, 206; P ϭ 0.57; Table 2 ). The species of competitor H. axyridis was paired with did not inßuence its developmental time (contrast F ϭ 0.39; df ϭ 1, 206; P ϭ 0.53; Table  2 ). Similarly, Coccinella septempunctata developmental time was not inßuenced by the presence of competitors (F ϭ 1.26; df ϭ 3, 103; P ϭ 0.29; Fig. 1 ). The interaction between factors was not analyzed because of low survivorship of Coccinella septempunctata. Coleomegilla maculata developmental time was also not inßuenced by the presence of competitors (F ϭ 1.66; df ϭ 3, 77; P ϭ 0.18; Fig. 1) , and there was no interaction between competitors and prey level (F ϭ 0.60; df ϭ 6, 77; P ϭ 0.73). Coccinella septempunctata and Coleomegilla maculata developmental time was slowest when larvae were fed the lowest prey level, 2.4 mg per larva per day (Coccinella septempunctata F ϭ 11.40; df ϭ 2, 103; P Ͻ 0.0001; Coleomegilla maculata F ϭ 12.99; df ϭ 2, 77; P Ͻ 0.0001; Fig. 1) .
Developmental time was similar for males and females of each species (H. axyridis F ϭ 0.04; df ϭ 1, 206; P ϭ 0.83; Coccinella septempunctata F ϭ 0.11, df ϭ 1, 103; P ϭ 0.74; Coleomegilla maculata F ϭ 0.99, df ϭ 1, 77; P ϭ 0.32).
Adult Weight. Harmonia axyridis adult weight was greater when larvae were reared with two competitors compared with larvae reared alone at each prey level (interaction: F ϭ 4.73; df ϭ 6, 206; P ϭ 0.0002; contrast F ϭ 92.71, df ϭ 1, 206; P Ͻ 0.0001; Table 2 ; Fig. 1) . Harmonia axyridis larvae reared with two rather than one heterospeciÞc produced larger adult weights (F ϭ 20.81, df ϭ 1, 206; P Ͻ 0.0001; Table 2 ) and H. axyridis had greater weight when paired with Coleomegilla maculata compared with Coccinella septempunctata (contrast F ϭ 20.46, df ϭ 1, 206; P Ͻ 0.0001; Table 2 ).
Coccinella septempunctata adult weight increased with increasing amounts of prey (F ϭ 57.07; df ϭ 2, 103; P Ͻ 0.0001) and with increasing numbers of competitors (F ϭ 43.99; df ϭ 3, 103; P Ͻ 0.0001; contrasts: alone versus Ն 1 competitor F ϭ 47.75, df ϭ 1, 206; P Ͻ 0.0001, one versus two competitors F ϭ 25.56, df ϭ 1, 206; P Ͻ 0.0001; Table 2 ). Coccinella septempunctata adult weight was signiÞcantly greater when larvae were paired with Coleomegilla maculata compared with H. axyridis (contrast F ϭ 13.87; df ϭ 1, 103; P ϭ 0.0003; Table 2 ). Larvae were reared alone or with one or two heterospeciÞc larvae at each prey level (2.4, 12.0, and 24.0 mg per larva). A CMH test was used to compare the response of survival by the factor of competitor when controlling for prey level (n ϭ 288 per species).
Coleomegilla maculata adult weight was not inßu-enced by the addition of potential competitors except when fed the highest prey density, in which adult weight was signiÞcantly greater if larvae were reared with two heterospeciÞcs compared with controls (interaction F ϭ 2.96; df ϭ 6, 78; P ϭ 0.0117; Fig. 1 ). Overall, Coleomegilla maculata adult weight was greater for larvae reared with heterospeciÞcs than those reared alone (contrast F ϭ 6.14, df ϭ 1, 78; P ϭ 0.0154; Table 2 ). The addition of two competitors compared with one competitor did not inßuence its adult weight (contrast F ϭ 0.04, df ϭ 1, 78; P ϭ 0.84; Table 2), and there was no difference in weight based on the species larvae were paired with (contrast F ϭ 1.70, df ϭ 1, 78; P ϭ 0.20; Table 2 ).
For each species, females were heavier than males (H. axyridis F ϭ 42.75; df ϭ 1, 206; P Ͻ 0.0001; Coc- Fig. 1 . Mean developmental time (Þrst instar to adult eclosion, days) and adult weight (milligrams) when reared alone or with one or two heterospeciÞc larvae and fed daily amounts of 2.4, 12.0, or 24.0 mg aphids per larva. A three-way ANOVA compared the factors of aphid prey level, competitors, and sex on the developmental time and adult weight for each species; aphid prey represents the combined effect of competitors at each prey level, and competitors represent each competitor level combined across prey levels. For H. axyridis, there was a signiÞcant interaction between aphid prey and competitors (A and B). For Coccinella septempunctata, aphid prey inßuenced developmental time (C), aphid prey and competitors affected adult weight (D), and the interaction between factors was not analyzed because of low sample size. For Coleomegilla maculata, aphid prey affected developmental time (E), and there was an interaction between aphid prey and competitors on adult weight (F). cinella septempunctata F ϭ 10.65; df ϭ 1, 103; P ϭ 0.0015; Coleomegilla maculata F ϭ 42.77; df ϭ 1, 78; P Ͻ 0.0001).
Discussion
Previously, Dixon (2000) discussed that decreasing prey levels would typically result in increased IGP among coccinellids. This pattern was generally observed in the current study; however, the effect of prey levels on larval survival was species-speciÞc. Increasing prey levels resulted in increased survival of Coccinella septempunctata and H. axyridis, whereas survival of Coleomegilla maculata remained relatively low in the presence of heterospeciÞc larvae regardless of prey level (Table 1) . Our results are similar to previous laboratory studies that documented IGP despite the presence of abundant extraguild prey (Sengonca and Frings 1985 , Phoofolo and Obrycki 1998 , Mallampalli et al. 2002 , De Clercq et al. 2003 . During the study, remains of dead larvae were examined and all dead larvae that had originally been placed in cages with other larvae had visible signs of attack. This does not prove that intraguild predation occurred because larvae may have died because of starvation and then were scavenged after their death. Compared with Coccinella septempunctata and H. axyridis, Coleomegilla maculata larvae are smaller and have shorter developmental times when prey levels were low (Fig. 1) . Faster developmental time did not act as a mechanism to sustain Coleomegilla maculata when paired with H. axyridis. At the low prey levels, Coleomegilla maculata had the lowest survival (4%) in the presence of H. axyridis; treatments containing the highest aphid prey levels increased Coleomegilla maculata survival (21%). Under similar environmental conditions, H. axyridis has a higher relative growth rate and faster developmental time during its second and third instar compared with Coleomegilla maculata (Labrie et al. 2006) . By attaining larger body size faster, H. axyridis is likely to be the successful intraguild predator when paired with Coleomegilla maculata. Coleomegilla maculata attained relatively high survival rates when paired with Coccinella septempunctata at low prey levels (46%) compared with all other treatments (4 Ð29%), but this was likely because of the 7 (10.3, 11.1; 45) 11.3 (10.9, 11.7; 46) One competitor Two competitors 0.84 11.0 (10.6, 11.4; 33) 12.1 (11.0, 13.3; 13) H. axyridis C. septempunctata 0.20 12.0 (11.4, 12.6; 9) 10.6 (10.2, 11.1; 24)
When competitors or the interaction between competitors and aphid prey levels was statistically signiÞcant (P Ͻ 0.05), contrasts were performed to compare different competitor combinations.
a The effect of competitors was not signiÞcant; therefore, contrasts were not conducted on developmental time (na, not applicable).
relatively low survivorship of Coccinella septempunctata rather than because of a competitive advantage at prey acquisition and development. When prey densities are in short supply, predators that feed on a number of prey may be more evolutionary successful than those more restricted in prey preference (Symondson et al. 2002) . Through IGP, a predatory species may gain an additional food source and increase prey availability by reducing its competition (Lucas et al. 1998) . In this study, if a larva killed the heterospeciÞc it was paired with, it doubled the amount of aphid prey available. When H. axyridis and Coccinella septempunctata were paired with Coleomegilla maculata, the survival of Coleomegilla maculata was reduced, resulting in more available aphid prey (Table 1 ). This explains the signiÞcantly larger adult weights achieved by H. axyridis and Coccinella septempunctata when larvae were paired with Coleomegilla maculata (Fig. 1) .
Adult size of many coccinellid species is partially correlated with larval prey levels (Hodek and Honê k 1996, Dixon 2000). If native coccinellids are declining because exotic coccinellids are outcompeting them for prey, one may predict that their body size to be decline. However, native coccinellid species are not smaller in adult size in the presence of the introduced species Coccinella septempunctata, indicating that larval prey consumption has not been affected (Evans 2000) . We also found that Coleomegilla maculata size was not inßuenced by the addition of other larvae, but Coccinella septempunctata and H. axyridis adult weight tended to increase (Fig. 1) . Hoogendoorn and Heimpel (2004) demonstrated that when compared with larvae reared with conspeciÞcs, there is no difference in weight gain by Coleomegilla maculata larvae reared with H. axyridis larvae, conversely H. axyridis larvae weighed more when reared with Coleomegilla maculata larvae. Larval and adult sizes of coccinellids are associated with several Þtness characteristics, such as fecundity and longevity (Hodek and Honê k 1996) ; therefore, when these species share a similar habitat, Coccinella septempunctata and H. axyridis may have a competitive advantage by using Coleomegilla maculata as a food source.
Relatively few Coccinella septempunctata survived when paired with H. axyridis, but when the three species were combined, Coccinella septempunctata survival increased (Table 1) . Survival of Coccinella septempunctata larvae may be higher because Coleomegilla maculata may be more vulnerable to predation by H. axyridis because of differences in its chemical, physical, or behavioral characteristics (Yasuda and Kimura 2001 , Snyder et al. 2004 , Ware and Majerus 2008 . Coccinella septempunctata survival also may have increased because of the increase of aphid prey in these treatments. Sato et al. (2003) examined the occurrence of IGP between three coccinellid species, H. axyridis, Coccinella septempunctata brucki, and Propylea japonica (Thunberg), on plants infested with aphids. P. japonica survival decreased in the presence of other species, in part, because of IGP by H. axyridis (Sato et al. 2003) .
H. axyridis survival was greater when multiple species were present compared with larvae reared with conspeciÞcs, and the addition of P. japonica likely increased H. axyridis survival by providing an additional food source (Sato et al. 2003) . Coccinella s. brucki emigrated from plants before the decline in aphid populations, and its survival was not inßuenced by the addition of the other species (Sato et al. 2003) .
In this study, H. axyridis survival was not inßuenced by the other coccinellid species and it had the highest survival of the three species. H. axyridis is highly adapted for competing with other coccinellid species (Cottrell and Yeargan 1998 , Phoofolo and Obrycki 1998 , Michaud 2002 , Sato et al. 2003 , Kajita et al. 2006 , Ware and Majerus 2008 , and it beneÞted with the addition of other coccinellid species in this study. Although unclear whether H. axyridis was attacking the other species or if it was outcompeting them for prey, Coleomegilla maculata and Coccinella septempunctata survival decreased when paired with H. axyridis. This apparent incompatibility for Coleomegilla maculata and Coccinella septempunctata to co-occur with H. axyridis may be why they are often spatially and temporally separated in the Þeld (Moser 2003 , Musser and Shelton 2003 , Hoogendoorn and Heimpel 2004 .
